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Introduction

_Th(la Ejecent IAU (2000 and 2006) resolutions on reference systems and Earth rotation
include:

— achange in the way the celestial orientation of the Earth is expressed,
— anew nomenclature associated with the new concepts,
— new models for quantities necessary for expressing Earth rotation.

The aim of this presentation is to review the changes for IAU models and IERS
Conventions resulting from the joint IAU 2000/2006 resolutions on:
— the new nomenclature, parameters and models,

— the status and numerical values of the constants associated with the IAU models for

precession, nutation and the angle for Earth rotation with respect to those of the current (1976) IAU
system of astronomical constants and previous lists of Current Best estimates.

SOFA, which provides the authoritative algorithms for implementing the IAU resolution, will
be considered in the next presentation in session 2.
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The IAU 2000/2006 Resolutions for Earth rotation
IAU 2000 Resolutions |AU 2006 Resolutions

Resolution B1.3

Definition of BCRS and GCRS
Barycentric celestial reference system

(BCRS)
Geocentric celestial reference system
(GCRS)
Resolution B1.6 Resolution B1 , o o
IAU 2000 Precession-Nutation Model Adoption of the PO3 Precession and definition of the ecliptic

Resolution B1.7
Definition of Celestial Intermediate Pole

Resolution B1.8 Resolution B2 _
Definition and use of CEO and TEO Supplement to the IAU 2000 Resolutions on reference systems
ERA(UT1)=2xn Rec 1: Harrmonizing « intermediate » to the pole and the origin
(0.7790572732640+1.00273781191135448 + definition of celestial intermediate (celestial/terrestrial) systems
X (Julian UT1date-2451545.0) Rec 2: Default orientation of the BCRS and GCRS
Resolution B1.9 Resolution B3
Re-definition of TT Re-definition of TDB as a linear transformation of TCB

as a linear transformation of TCG Journées 2008, September 2008, Dresden



Nomenclature for Earth rotation
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A few examples from the NFA IAU 2006 Glossary
(of the IAU WG Nomenclature in Fundamental Astronomy)
available at htto:/syrte.obspm.fr/iauWGnfa/

Celestial Intermediate Origin (CIO) Earth Rotation Angle (ERA)

ori%in for right ascension on the intermediate equator  angle measured along the intermediate equator of
in the celestial intermediate reference system. It is the Celestial Intermediate Pole (CIP) between the
the non—rotatingborigin in the GCRS that is Terrestrial Intermediate Origin (T1O) and the
recommended by the IAU 2000 Resolution B 1.8, Celestial Intermediate Origin (ClO), positively in the
where it was designated the Celestial Ephemeris retrograde direction. It is related to UT1 by a

Origin. The CIO was originally set close to the GCRS  conventionally adopted expression in which ERA is
meridian and throughout 1900-2100 stays within 0.1 a linear function of UT1 (see IAU 2000 Resolution

arcseconds of this alignment. B1.8). lts time derivative is the Earth’s angular
velocity. Previously, it has been referred to as the

Celestial Intermediate Pole (CIP) SEllEr g &

geocentric equatorial pole defined by IAU 2000 i ]

Resolution B1.7 as being the intermediate pole, in the Celestla! Intermediate Reference System (CIRS)

transformation from the GCRS to the ITRS, geocentric reference system related to the GCRS by

separating nutation from polar motion. It replaced the  a time-dependent rotation taking into account

CEP on 1 January 2003. lts GCRS position results precession-nutation. It is defined by the intermediate

from (i) the part of precession-nutation with periods equator (of the CIP) and CIO on a specific date (IAU

greater than 2 days, and (ii) the retrograde diurnal part 2006 Resolution B2). It is similar to the system
of polar motion (including the free core nutation, FCN) based on the true equator and equinox of date, but
and (i) the frame bias. Its ITRS position results from  the equatorial origin is at the CIO. Since the

(i) the part of polar motion which is outside the acronym for this system is close to another acronym
retrograde diurnal band in the ITRS and (i) the motion  (namely ICRS), it is suggested that wherever
in the ITRS corresponding to nutations with periods possible the complete name is used.

less than 2 days. The motion of the CIP is realized by
the AU precession-nutation Elus time-dependent
corrections provided by the IERS.
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Parameters for Earth rotation

The GCRS coordinates X, Y of the CIP unit vecto
the Earth rotation angle, ERA,

replaces

the classical precession and nutation angles
Greenwich sidereal time, GST

instantaneous origin
of longitude
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Models for Earth rotation
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IAU Precession-nutation

1) IAU 2000 Resolution B1.6

adopted the IAU2000 precession-nutation (Mathews, Herring, Buffett 2002) which was
implemented in the IERS Conventions 2003

IAU 2000A Nutation (non-rigid Earth)

IAU 2000 Precession=|AU 1976 (Lieske et al. 1977) + corrections to precession rates
dy, (IAU 2000) = -0.299 65”"/c; dw, (IAU 2000) = -0.025 24”/c
| 1st step |

Celestial pole offsets at J2000 (VLBI estimates)
&, (IAU 2000) = -16.6170 mas ; 77, (IAU 2000) = —6.8192 mas

recommended the development of new expressions for precession consistent with dynamical theories
and with IAU 2000A nutation

2) IAU 2006 Resolution B1

adopted the P03 precession (Capitaine, Chapront, Wallace, 2003) dynamical model consistent
with IAU 2000A nutation and with non-rigid Earth (Hilton et al. 2006

)
| 2nd step |
recommended improved definitions (ecliptic, precession of the equator, precession of the ecliptic)
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Transformation between the ITRS and GCRS
in the IERS Conventions (Chapter 5)

The coordinate transformation from the terrestrial system, ITRS
to the Geocentric celestial system, GCRS, can be written as:

[GCRS] = Q(t) R(t) W(t) [IT

/1\

/ rotation angle
(model + observed vana’nons)

/ IAU 2000 IERS

celestial motion of the CIP
(model + observed celestial pole offsets
IAU 2000/2006 IERS

terrestrial motion of the CIP
(observed pole coordinates)

IERS

Celestial | | terrestrial
intermediate reference system
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Numerical standards for Earth rotation
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1st system of fundamental astronomical constants
(Conférence internationale des étoiles fondamentales, Paris, 1896)

& conslfanle de la  précession

4° Laco ‘aberralion iy =00, §75: |
3¢ La paraliaxe solaire ... .. Wy = H",Srﬁ: , > COr;SS’[:.(:lC’[;ISai(:ga I\J\(,)it?]nd L
6° L’aplatissement  de  Pellipsoide precession/nutation
IEPIREIE. s peenE B z2 = I[297;
7° Le  rayon équalorial  lerresire
........................ - =6 378 388 m;
8¢ La constanle de la graviiation
universelle aeessaseaes K o= 0,017 207 098 95,
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Blefining comstamis:

L.

e

Caussian gravitational constant
Speed of Light

Primary corstanis:

3.

4.

5

Light-tirne for unit distance
Equatoral radius for Earth
Drpnamical form-factor for Earth
Oeccentrc gmvitabonal constant

Constant of grvitabon

Fato of mase of Moon to that of Barth

IAU 1976 System of astronomical constants

k= 0017 202 058 a5
c =299 792 458 ms~?

e = 450004 TE? 5
[459-004 TEIE .. .]
Ge = 6378 140 m
[6378& 137)
Jy = 0001 082 63
[3-001 DB2 626]
GE = 3986 005 = 10" m &2
[3-986 004 33 .. = 10
G =66T2 % 10 mi kg s R
o= 0012 300 02

enenl precession in longituds, per
century. at standard epoch 2000

Obliquity of the ecliptic, ar standard
och 20000

FeE- 3080 0

Juliar
o= SO2500065

e =23 26 21448

Derived o z
ﬁtﬁzumﬁan- at standard epoch 2000 N = 9l2025
12, Uit distanee A= T8 0 10 m

13,

14.
15,

16,

17.

18,

1%,

Salar parallax

Constant of abermdon. for standard
Flattening factor for the Earth

Heliccentric grvitstioml constant

Fato of mase of Sun to that
af the Earth

Fabo of mass of Sun to that
af Earth + Maon

Mass of the Sun

[1-495 978 706 @1 = 10M]
arcsin (@, /A) = Ny = BT 148

[G7594 144]

epoch 2000 g = 2049 552
JF=0003 352 81

= 1 fE8 257

AMEDE = GF = 1327 124 38 = 10780 m® g%
[1-327 124 40 .., = 10%]
(S (GE) = 57/E = 332 9450
[332 946.050 895 .. ]
(SFEV/ 4+ p) = 328 900-5
[325 900-561 4100]
(GE/G =5 = 19801 = 17" kg

Journées 2008, September 2008, Dresden

3 constants (p, € and N)
associated with
precession/nutation
with updated values



The Numerical Standards of the IERS Conventions (2003)

Table 1.1  ITERS Numerical Standards.
ITEM VALUE UNCERTAINTY REF. COMMENTS
e 200702458 me—1 Diefining [2] Speed of light
Ly 1.55051076772 x 10—% 2 % 10~1F [4]  Average value of 1-d(TT)/d[TCE)
Lo 148082686741 » 10~% 2 % 1017 [4]  Awerage value of 1-d(TCG) /d(TCE)
Le  6.060200134 % 1030 Defining [4]  1-d(TT)/d{TCG)
& 6.673 = 10~ NP kg—1s—? 1% 10~ ¥ mP kg—1s—2 [2] Constant of gravitation
GMz  1.32712442076 x 10*%m3s~2 5 x 10%m?s—? [from 3] Heliocentric gravitational constant
Talt 409,004 7838061 5 0000000028 [3] Astronomical unit in seconds
eral  1409507RT0601m G [3]  Astroncmi nit in meters
503847875 /¢ 0.00040" fe ; IAT(1976) value of precession o
the equator at J2000.0 corrected
3438140607 0.0003"
precession-nutation model.
Jaz,  2x10°7 (adopted for DE4DS) Dynamical form-factor of the Sun
u 0.0123000353 5% 10~ [3]  Moon-Earth mass ratio
GMg 3086004418 = 10" m s & x 10%m s~ [1] Geocentric gravitational constant
(EGM96 value)
agt  B3ITRLI6.6m 0.10m [1] Equatorial radius of the Earth
1/f* 208.25642 0.00001 [1] Flattening factor of the Earth
Jag?  1.0826350 = 10— 1.0 x 10—1° 1]  Dynamical form-factor
7.202115 x 10~ %rads—1 variable [1 fominal mean angular veloeiey
of the Earth
. 0.7803278ma—" 1 % 10~ %me—? [1] Mean equatorial gravity
Wi 62636856.0m%s* 0.5m2 s =2 [1]  Potential of the gecid
Roft 6363672.6m 0.1m [1] Ceopotential scale factor
t The values for 74, cra, and 44 are given in “TDBE" units (see discussion above).
t The values for ag, 1/, Jog and gg are “zerc tide” values (see the discussion in section 1.1 above).
Values according to other conventions may be found from reference [1].
' Ry =GMg/Wo
[1]  Groten, E., 1909, Report of the IAG. Special Commission SC3, Fundamental Constants,
KXII TAG General Assembly,
[2]  Mohr, P. 1. and Taylor, B. M., 1909, J. Phys. Chem. Hefl Data, 28, 6, p. 1713
[3] Standish, E. M., 1998, JPL IOM 312-F.
[4 IAU XEIV General Assembly. See Appendix 1.
[5]  Fukushima, T., 2003, Report on astronomical constants, Highlights of Astronemy, in press.
[6] Mathews, P. M., Herring, T. A., and Buffett, B. A, 2002, Modeling of nutation-precession: New

nutation series for nonrigid Earth, and insights into the Earth's intericr, J. Geophys. Hes. 107,
B4, ID.IDZ{II,-’EDDIJBDDSDD.
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associated with precession
—> change of status for p

0 constant for nutation
—> change of status

+ 1 constant () associated
with Earth rotation



Main features of the IAU 2000 nutation

Rigid Earth nutation —> MHB2000 nutation
analytical solution (Souchay et al. 1999)  transfer function (Mathews et al. 2002)

semi-analytical series<1365 luni-solar and plane@

Transfer function
derived from the solution of equations obtain

(Sasao et al. 1980) with the MHB2000~-Basic Earth Paramete

ization of the SOS equations
fitted to VLBI data.

Basic Earth Estimate Correction to

Parameters hydrostatic equilibrium

€r 0.0026456 +20 0.0000973

K 0.0010340 +92 -0.0000043

Y 0.0019662 +14 0.0000007

€ 0.0032845479 +12 0.000037 + obliquity rate fitted to VLBI
Im K" -0.0000185 +14

Re K/® 0.00111  +10

Im K"® -0.00078  +13

rms residuals 0.0132 mas

Essential MHB2000 parameters
- Earth’s dynamical flattening H,=e/(1+e): scale factor for the precession rate and nutation amplitudes,

- dynamical flattening of the core, e, : resonance factor for the nutation amplitudes.
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The numerical standards associated
with the IAU 2000 nutation

The numerical standards/constants associated with the AU 2000 nutation
could be:

» the numerical values for the nutation amplitudes,

» the numerical values for the fundamental MHB2000 Basic Earth parameters (e.g. e
and ).
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Mean features of the IAU 2006 precession

The precession of the equator is solution of the dynamical precession equations , with contributions
to the precession rates r,, , r, (from Souchay et al. 1990/1999, Williams 1994, Brumberg et al.
1998, Mathews et al. 2002)

€

Sownce of the effect ¢ dapendance Conmbution m longiteds 2t J2000 || Comtnbution m obliguoy ar J2000
pasicy | uasiey” | pasey’ jpiasfoy | pasicy” prasiey’
Luni-solar & .Ela:eta}' b nt (013
Lyvou-solar 1st cvder cos e (rah | —3393 -4 i ] 0 (r0)1 and (u0)1 derived
Lwnm-zolar 2d order(z) Goose— 1 -32100 Lk 0 0 0 0 from VLBI observations
Limg-zolar 24 ordarn() Feoosfe- 1 -13 680 0 a 0 0 0
Linu-solar J, cose(d-T sin® £ :EfUE 0 0 0 0 0 + correction to
| ey ot cose +31367 oo Ml @ | the precession rate
J» and planetary tlt(z) ons D¢/ sine ag9430 | +l078| 0 0 0 for the change in the
planetary tilt(b) o 0 0 0 W), | -4 +3 J2000 obliquity
Tides from IAU2000 to P03
tides(a) cos’ & 0 -102 0 0 0 0
sdes) cor' o| -1 o o| o o| +J, rate value: dJ/dt :
tides(c) SILECOS € 0 0 0 +24400 0 0
T rate cose 0| -14000 0 0 0 0 —-3.0x10"/ yr
Mon-linear atfect 1 -21050 0 0 0 0 ]
(eodesic precession 1 -1519883 +3 +1 -1 0 +5
Total (rahy — 2223176 | —16553 =5 ey + 20 —44 +2

|AU 2000: Hy = 3.273 794 92 103

Physical parameters: dynamical flattening, H, and J, rate value
AU 2006: H, = 3.273 794 48 103
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P03 expressions for the fundamental
precession parameters
(Capitaine et al. 2003)

Source 9 t 1 2 tt £
[AT 2000 Pa 4197.6 104,47 —0.179
Ecliptic P03 4199004 103.0873 —0.22466 —0.000012  0.0000120
[AU Qa —46815.0 50.50 0.344
P02 —46811.015 51.0282 052413 —0.000646 —0.0000172
[ATU 2000 124 BO38478. 750 —1072.50 —1.147
Equator P03 8038481 507 ) —1070.0060 —1.14045 0132851 —0.00000%51
[ATI 2000 wa S4381448.0 =25 .040 51,27 —T.726
P03 84331406.0 @ 51,2623 —7.72503 —0.000467  0.0003237
ClO based Source @ 2 A t rad
precession X — 16.617 — 470.7820 —19861834 0.007578 0.0059285
quantities — 6.951 — 224072747 1.90059 1.112526 0.0001358
s+ XY/2 0.094 3.80865 — 0.12268 — 7257411  0.02798 0.01%62

Wai, Wa1, Xy, Yq: precession rates for the equator-> change of status for the precession rate
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Expressions for the IAU 2006 precession

TABLE I
The polynomial coeffickents kor the precession angles.
Coeficla =

Angk {amaec. | [":'] [% [%] [E‘i—] [%]

¥ SIRE 48 1507 — LOTm&s =001 1445 (Loo13zes] 5,51 = 10-F
iy, E4AEL a0 —OZETA 0512628 — (L0077 503 —4 AT x0T 3337 x 7
r, 4 195004 0. 19388 T3 —.0MZ2466 =0.12x10-7 L2 10
0, —4AELI0]5 (0510283 0052413 —6.46 x0T =172 % Lt
A 46998073 —(L0334% 26 — (.0 12559 L% 107 -2.2 % 107
I, B2 056 TG —BET.OSTR 0.1 57oa2 — L0 EATL — 0.0 TT T2x108
6, T BAAEL A0E000 —4 6 BT —LoniLEl (L0020 340 — 576 107 -4 | -3
s L S5edi3 —2.3814290 —000L20 19T L L e
T — L A50545 2306, 07T1EL [ 002 TS MO1E6ET — L OO0 2E 506 —2.90 = |07
£a 2 650545 236, (3227 02988450 DOLROLE2E —5071 = 10-# =317 ]07
@y 2004, 19903 =0 420453 —0.0d] 82264 — 7085 [0-* -12H =107
Fa SI2E. Fel s L. IIA4348 OUOOD0Te4 —OOO02IRS T 383 = 10-F
X —olEelT 200, 19 1898 e e —L19%elE34 T.578 = 10-% 59285 x L0r%
¥ —0L00E 5] —0258 96 —22 4072747 OO0 s OO0 12526 1358 5 107
5 +-}I}' U0 40 (L0388 65 —ED 2 268 —00T2574LL CLOOO02T98 L0 562
¥ 1300 1055 64005 0493 2044 e L] ekt —~2.T88 x 108 20 10F
o [ B3 L A0EE0 —46 8L 10LS 00501268 (U053 289 —4 40 5 1077 — 1T 0%
W Do SOGE.4R 1507 | 55841 7o —0n1ES22 D02 6452 e (O
YOCRE —06228 IS5 63 T8 0493 2044 L] 2788 = lO-® 260 L0rE
& GRS BAGELAL2E 19 —46kl 10le 00501268 OUO00E3 289 —4 405 |07 ~1. 76 LO-E
WO —0ELTTS SIGE.48 1484 | 5584175 —un0n1Es22 — D00 26452 — 148 10 F

"Canturks icent) am Jullan centudes of 36525 days TT.

The angle o =, (r=0).

Journées 2008, September 2008, Dresden

(Hilton et al. 2006)



The numerical standards associated
with the IAU 2006 precession

The numerical standards/constants associated with the IAU 2006 precession
could be:

» the numerical values for the coefficients of the polynomial expressions
for the precession quantities,

» the numerical values for the fundamental parameters for precession
(e.g. Hy and J, rate).
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Numerical standards associated with the Earth rotation

» Earth Rotation Angle
ERA=6=kUT1 ; do/dt = o,
ERAUT1)=27x(0.7790572732640 + 1.00273781191135448 x (Julian UT1date — 2451545.0))

ERA(UT1) : conventional relationship that defines UT1 from ERA,

0.7790572732640 and 1.00273781191135448 rev/day are defining constants.
(which replaces the classical factor between GMST and UT1).

(The ERA/UT1 relationship involves not only the Earth angular velocity but also what UT1 is intended to represent,
i.e. the hour angle of the « ficticious mean » Sun.)

« Nominal mean angular velocity of the Earth

o=7.29211510°rad /s

this value has been chosen to have the number of significant digits limited to those for which the value can be
considered a constant; the value is "significantly" different from the actual value of omega as there are relative
variations in omega of the order of 10”7.
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The choice of numerical standards

* Nutation

Numerical values for the nutation amplitudes or for the fundamental MHB2000 Basic Earth
parameters ?

too much necessary constants - model

- Precession

Numerical values for the coefficients of the polynomial expressions for the precession quantities
or for the fundamental parameters for precession.

too much necessary constants = list of expressions

- Earth rotation

- 2 numerical constants for the conventional relationship that defines UT1 from ERA,
- 1 numerical constant for the nominal mean angular velocity of the Earth
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Summary

The IAU 2000/2006 Resolutions have adopted new concepts, new nomenclature
and new models for Earth rotation, which have modified the status and
numerical values of the constants associated with Earth rotation.

The high accuracy observations of Earth rotation requires a coordinated use of
numerical standards and IAU-approved formulations and software that
implement the IAU models.

A few constants are no more sufficient for representing precession and nutation
but should be replaced by the precession-nutation models.

A very few numerical constants are sufficient for the Earth’s rotation.
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